biases, including recall, patient selection, and treatment biases. 20 As a result, rates of complications may be underreported and significant associations may be misrepresented, despite the use of multivariate regression analyses. Inaccurate data impair patient counseling and the informed decision-making process, as patients may choose to undergo these complex procedures without full appreciation of the risks involved.
Prospective registries of patients with ASD have been established to overcome the shortcomings of retrospective studies. In such studies, standardized data collection forms are used, although no formal neurological examination training is performed. Several such registries, including those of the International Spine Study Group and the Spinal Deformity Study Group, have reported 15.5% and 2% acute neurological deficit rates, respectively. 19, 29 The spinal deformities collected by the International Spine Study Group registry are heterogeneous, with a mix of mild, moderate, and severe deformities, and with a similarly heterogeneous cohort of surgical techniques. The absence of clearly defined outcome measures specific to neurological injury is a limitation of these types of observational cohorts, as prespecified hypotheses aid study design, data collection, and data analysis. 3 Prospective studies, with predefined outcomes, are less likely to offer inaccurate estimates and conclusions as they avoid the biases of retrospective studies and patient registries. 18, 25, 28 The Arbeitgemeinschaft für Osteosynthesefragen (AO) Spine Scoli-RISK-1 study, a prospective, observational, multicenter study, was established to specifically evaluate the neurological complications associated with surgical correction of ASD. 26 A tandem, retrospective study was also created with identical inclusion criteria and similar data collection. 21 The aim of the present study was to compare the rates of neurological deficit found in the prospective study (pSR1) with those of a retrospective series of patients meeting Scoli-RISK-1 eligibility criteria (rSR1). Given the aforementioned biases associated with retrospective studies, we hypothesized that the rSR1 group would have fewer reported neurological deficits than the pSR1 group. To our knowledge, there are no studies evaluating the influence of study design on reported complication rates in spinal deformity surgery. We hope that this study emphasizes the importance of funding and performing prospective, observational cohort studies.
Methods

Patient Selection
Fifteen centers participated in the prospective, observational cohort as part of the Scoli-RISK-1 study (i.e., pSR1). Inclusion criteria were patients' ages 18-80 years, with a primary coronal or sagittal plane Cobb measurement ≥ 80. Any patients undergoing a 3CO-type procedure (3CO, VCR, or pedicle subtraction) were eligible. Patients with congenital anomalies of the spine treated with any osteotomy (3CO or posterior column) and revision spine surgeries treated with any osteotomy were included. Finally, any patients with an ossified ligamentum flavum or posterior longitudinal ligament treated with a decompression as part of their reconstruction or preexisting myelopathy due to the deformity were included.
Patients were excluded if they had a history of recent substance dependency, psychosocial disturbance, active malignancy, active bacterial infection (systemic or local), recent (within 3 months) trauma, prior paraplegia, or were pregnant or nursing. Patients unlikely to comply with follow-up were excluded from enrollment in pSR1. To create a comparative, retrospective cohort 5 centers participating in the Scoli-RISK-1 trial used identical inclusion and exclusion criteria to identify eligible patients from June 2009 to June 2011.
Prospective Data Collection
Standardized data collection sheets were distributed to all centers participating in pSR1. Preoperative data collected included age, sex, body mass index, primary diagnosis with Cobb and alignment measurements (C-7 coronal and sagittal), and any history of surgeries. Operative data collected included number of levels treated, osteotomies performed and type, estimated blood loss (EBL), and total operative time. Planned staged procedures were recorded. Complications were defined a priori and were collected in a prospective manner for pSR1. A full neurological examination (American Spinal Injury Association [ASIA]) was performed at a preoperative visit for patients enrolled in pSR1. At the 6-week follow-up visit, a repeat ASIA examination was performed. Any decrement in ASIA lowerextremity motor score was recorded as a new neurological deficit. ASIA motor scores were recorded with the level of injury. The level of injury was categorized as follows: spinal cord level (above L-1), nerve root level (L1-S1), and cauda equina/conus medullaris level (below S-1). All investigators performing physical examinations in pSR1 were trained and certified by ASIA. This improves the validity and interpreter reliability of examinations.
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Retrospective Data Collection
Data collection sheets mirroring pSR1 were created for rSR1 and distributed to participating sites. Medical records, including in-hospital notes, were reviewed and appropriate perioperative data collected. Medical records were reviewed for evidence of a new neurological deficit. Physical examinations were compared preoperatively and postoperatively and any decrement noted as a new neurological deficit. Operative records were reviewed for evidence of intraoperative neurophysiological monitoring alerts with concomitant documentation of neurologicals deficit and for neurological status at the end of surgery. Finally, communication records, including telephone calls, were reviewed for evidence of new neurological deficits and other complications. The level of injury was taken from the medical record and categorized as spinal cord level, nerve root level, and cauda equina/conus medullaris level.
Statistical Analysis
Continuous data were compared using unpaired t-tests and categorical data compared using chi-square and Fisher's exact test. Specifically, rates of reported new neuro-logical deficits were compared between groups using the chi-square test. The Wilcoxon rank-sum test was used to examine differences in American Society of Anesthesiologists (ASA) score and neurological deficit distributions. Statistical significance was defined as p < 0.05 for the primary outcome measure of new neurological deficit. To avoid Type I error, a Bonferroni correction was used for all other comparisons (p < 0.004 [0.05/14]). To account for disproportionate VCR in the prospective cohort, standardized risks were calculated using the Mantel-Haenszel method. IBM SPSS Statistics v20 (SPSS Inc.) was used for all analyses.
Results
Two hundred seventy-two patients were enrolled at 15 centers as part of the Scoli-RISK-1 trial and comprised the pSR1 group. Two hundred seven patients were identified in the surgical records of 5 centers participating in Scoli-RISK-1 with surgical indications that met the criteria for pSR1. These patients comprised the retrospective cohort (rSR1). Mean age and sex distribution were similar in the 2 groups (Table 1) . Preoperative neurological deficits were more common in the rSR1 group. Maximum measured coronal deformity was greater in rSR1, although sagittal plane measurements were similar.
Patients in the prospective study underwent longer surgeries (448 mins vs 403 mins, p = 0.001), had greater EBL (2639 ml vs 1967 ml, respectively; p = 0.000), and had more levels fused (12.5 vs 10.5, respectively; p < 0.001) ( Table 2) . Three-column osteotomies, VCR in particular, were more common in pSR1 (23% [63/272] in pSR1vs 9% [19/207] in rSR1; p = 0.004). New neurological deficits were more common in pSR1 than in rSR1 (17.3% [95% CI 12.6%-22.2%] vs 9.0% [95% CI 5.0%-13.0%]; p = 0.01). The locations of new neurological deficits were similar in the 2 groups, with nerve root level deficits being most common ( Table 2) .
Discussion
While the risks associated with ASD surgery have been previously described, few studies have been performed in a prospective fashion with an a priori focus on neurological risk.
1,2,4-6,10,13-16,22,32 As the majority of the new neurological deficit rates are obtained from retrospective analyses, the studies are inherently limited by their methodology; selection bias, recall bias, and cognitive dissonance all predispose such studies to an underreporting of the true risk associated with surgery and thereby limit the appropriate counseling of patients and families. A large, multicenter, prospective observational study was designed with the expressed goal of tracking neurological risk in complex ASD reconstructive surgery; a secondary arm of the study was a retrospective review of patients from participating centers with identical inclusion criteria, to compare the rates of neurological deficits reported in prospective and retrospective studies.
In the present study, an observational cohort of 272 patients undergoing ASD for major deformities at 15 centers revealed an overall new neurological deficit rate of 17.9% at 6 weeks postoperatively. A retrospective observational cohort from 5 participating centers, using identical inclusion and exclusion criteria, found a significantly lower rate of new deficits (8.7% as compared with 17.9%, p = 0.0016). Inclusion criteria were the same in the 2 cohorts and the small differences in deformity magnitude are unlikely to have affected neurological complication rates and selection bias should be minimized. Enrollment for the 2 groups was close in time, without significant advances in technology available in the prospective cohort, also supporting the similarity of surgeries performed. Finally, performance bias may have some role in the different rates reported, although the centers participating in the retrospective cohort study were among the highest-volume centers in the prospective arm. The observed discrepancy between methodologies in otherwise similar surgical groups highlights the dangers of studying discrete events such as neurological deficits in a retrospective manner.
The overall complications rates previously reported for ASD are high, exceeding 30%. 9, 19, 29 The variability in reported rates of neurological deficits after ASD reconstructions is impressive. Yang et al. presented a series of 35 consecutive patients undergoing pedicle 3CO for spinal deformity and reported one transient nerve root deficit, for a rate of 3%. 32 Ahn and colleagues reported a higher neurological deficit rate, 11%, in 83 patients who underwent a variety of 3CO procedures for ASD. 1 Similar to this rate, Buchowski et al. presented a consecutive series of patients who underwent 3CO and found a neurological deficit rate of 11%. 10 This rate of nearly 10%, with the majority of deficits being transient, has been presented elsewhere. 22 The authors of other retrospective analyses have even reported series without any neurological deficits.
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As we have shown here, retrospective studies are subject to many biases, including recall bias and, as a result, likely underreport true complication rates. Prospective, observational registries have reported a wide range of neurological deficits, from 2% to 15.5%. 19, 29 The rate of new neurological deficits from a retrospective cohort presented here, 8.7%, compares favorably with those previously published and commonly cited incidences. Prospective studies with a priori end points and predefined data collection techniques should not be subject to this bias and, as a result, report higher complication rates. The rates of most modern registry compare favorably with the rate in the prospective arm of the current study, supporting the value of carefully designed multicenter registries.
This study also supports the need for strict definitions of complications and evaluator training, particularly in regards to the detection of new neurological deficits. In the prospective study, all patients underwent preoperative and postoperative ASIA examinations to document motor function. All examiners were ASIA certified, increasing the reliability and validity of examination results. 12 While all patients in the retrospective study were examined preoperatively and postoperatively, the outcome measurement was often a subjective adaptation of the ASIA examination, recorded in the medical record without a clearly defined format. As such, the prospective cohort was subject to examinations that more sensitive to change. The majority of deficits in the prospective group were small changes in lower-extremity strength, and these may have been ignored or inaccurately recorded in the retrospective cohort. Evaluators in the prospective cohort underwent formal ASIA training, which has been shown to improve the accuracy of the examination and classification. 12 This lack of general standards of measurement has been cited before as a reason for error in retrospective reporting. 27 Furthermore, this serves as a point of emphasis for future study as we seek to clearly define the rates of, and risk factors for, complications in ASD. This patient population is at high risk for perioperative complications and without strict, a priori outcomes measurements and assessments for each complication, we are likely to continue to underreport the true value and misrepresent risk factors to our patient population. There are limitations to the present study, particularly regarding study design. The prospective study was composed of patients from 15 different centers, while the retrospective study was composed of patients from a subset of 5 centers. As such, the number of surgeons participating in pSR1 was greater than rSR1. Performance bias may be a concern when comparing the results of procedures performed by various surgeons. We believe, however, that the broader prospective group offers better data, as the data are more generalizable to adult deformity surgery as a whole. The results of a cohort including more surgeons likely lend external validity to the conclusions, as opposed to the internally valid conclusions of a smaller research group. 28 Furthermore, one would expect, with greater experience and dissemination of information, that neurological deficits would decline, rather than increase. While possible, it is unlikely that the rate of new neurological deficits has increased over time, thus implying that a flaw in retrospective data collection exists, such as recall bias or cognitive dissonance. In many cases, this would be deemed a limitation, but the purpose of this study was to confirm that such biases exist and contribute to significant underestimation of true neurological risk.
Selection bias is unlikely to have a significant confounding effect, as similar strict inclusion criteria were applied to each group. ASD is a heterogeneous disease, with a multitude of underlying pathologies and symptoms. The cohorts compared here are similar with respect to many important demographic variables, and all deformities were defined as "complex" by the definition from pSR-1. A small, likely clinically insignificant, difference exists between preoperative coronal and sagittal Cobb angle magnitudes. We believe the fact that inclusion criteria were identical and that demographic data were similar is evidence that these 2 cohorts are similar and comparable. Propensity weighting and matching has been proposed as a method to balance for imbalances in baseline data, to replicate random distribution as close as is possible. Propensity weighting, however, has been shown to increase imbalance and bias in observational cohorts. 24 An ideal study would include retrospective analysis of the prospective cohort via medical record review; however, the recording of the ASIA examination in the record precludes such a study. We must emphasize that the patients studied here were treated for complex ASD and the findings may not extrapolate to other pathologies, such as degenerative cervical and lumbar conditions. Finally, we have found that 5 participating centers reported lower rates of neurological deficits in a retrospective cohort. Inaccurate data collection may be problematic within these 5 centers and is a limitation of multicenter research, further emphasizing the need for a priori outcomes and trained evaluators as used in pSR1. 7 An emphasis on evidence-based practice and shared decision making requires accurate data, to allow for informed decision making by patients. The data presented here emphasize the need for well-designed prospective studies, with a priori defined outcomes measures, to estimate accurate values for outcomes in spine surgery. This is not to suggest that retrospective studies are of no value but rather the implication highlights their limitations in guiding surgical decision making and patient risk counseling. 20, 31 Retrospective studies are valuable, as they are inexpensive to perform and use existing data. They are limited by the quality and availability of these data, as we have seen here, because the information gathered was not collected for research purposes. Prospective studies are intensive and often expensive to perform, and retrospective cohort studies are needed to guide study design to optimize prospective studies. Given their expense, the value of prospective observational cohorts must be recognized as randomized trials are often not feasible for chronic, debilitating musculoskeletal diseases.
Conclusions
In the current study, we demonstrate that a retrospective cohort study investigating neurological deficits after complex ASD reconstruction found a significantly lower rate of new neurological deficit than a prospective cohort. The prospective study reported a 17.8% neurological deficit rate, which is nearly twice the rate found in the retrospective study. This study underscores the need for prospective studies of ASD using discrete outcomes measures and evaluator education. As these studies are expensive to perform, support from funding agencies will be necessary as we seek to determine safety and effectiveness of ASD surgery.
